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ANTI-ALIASING OPTICAL FILTER FOR IMAGE 

SENSORS 

5 CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This patent application is being concurrently filed 

with U.S. Patent Application Serial No. , 

entitled METAL -DIELECTRIC COATING FOR IMAGE SENSOR LIDS, by 
10 Georg Ockenfuss and Steven D. Oliver (Attorney Docket No. 

OC0334US) , the disclosure of which is hereby incorporated in 
its entirety for all purposes. 



15 STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 

[0002] Not applicable. 



20 REFERENCE TO MICROFICHE APPENDIX 

[0003] Not applicable. 

FIELD OF THE INVENTION 
25 [0004] The present invention relates generally to optical 

filters, and more particularly to low pass optical filters 

commonly known as anti-aliasing filters. 

BACKGROUND OF THE INVENTION 
30 [0005] Imaging devices, such as digital still cameras, 
camera phones ( "camphones" ) , video recorders, digital 
scanners, and digital copiers, use photodetector arrays to 
produce electronic signals that are capable of producing 
images output to a display or printer. A typical 
35 photodetector array has many individual photosites or 

picture elements ("pixels")/ each of which is responsive 
over a relatively wide range of wavelengths. The magnitude 
of the electrical signal produced by a single photodetector 
at different wavelengths of light varies according to the 
40 wavelength response of the photodetector. To form a color 
image, color pass filters are typically placed over 
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individual photodetectors so that each photodetector is 
responsive to a relatively narrow wavelength range of light. 
[0006] The photosites in a photodetector array are often 
called "pixels" because each photodetector generates an 
5 electronic signal typically used to produce a picture cell 
in an image. The pixels in a photodetector array are 
typically spaced in a repeating fashion, and pixel spacing 
is often referred to in terms of pitch, which is the center- 
to-center spacing between pixels in a photodetector array. 

10 In color photodetector arrays, the pitch is often different 
for pixels responsive to the different colors. 
[0007] The image captured by the image sensor is sampled 
by the photodetector array, that is, a continuous image is 
reconstructed from the data detected by the individual 

15 pixels. The more closely spaced the pixels are, the higher 
the sampling frequency, and the more data there is to 
reconstruct the image from. It is generally desirable that 
the reconstructed image is a faithful reproduction of the 
original image. However, an image that contains input (such 

20 as closely spaced lines) at a higher frequency than twice 
the sampling frequency may cause the resultant image to not 
be a faithful reproduction of the original image. 
[0008] As long as the sampling frequency is more than 
twice as high as the highest frequency in the signal 

25 (image) , the sampled image will be a proper representation 
of the original image. If, however, the sampling frequency 
is less than twice as high as the highest frequency to be 
sampled, the sampled image will contain extraneous 
components called "aliases." The generation of aliases is 

30 called aliasing. Aliasing is avoided in digital imaging 
systems by providing a low pass filter to eliminate 
frequency components higher than one-half the sampling 
frequency (also known as the "Nyquist frequency") from 
reaching the photodetector array. 
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[0009] A more detailed discussion of aliasing, including 
figures illustrating aliasing effects is provided in the 
paper entitled "Color dependent optical prefilter for the 
suppression of aliasing artifacts," by John E. Greivenkamp, 
5 published in Applied Optics, Vol. 29, No. 5, 676-84 (February 
10, 1990) . 

[0010] Fig. 1A illustrates an aliasing effect. An 
original image 10 includes alternating dark 11, 13 and light 
12, 18, 24 lines. The spacing of the lines is the "image 

10 frequency." A photodetector array 14 includes a plurality 
of photosites (pixels) 15, 16, 17 that are not as closely 
spaced as the closely spaced lines imaged onto the 
photodetector array. The first pixel 15 is mostly 
illuminated with a dark line 11, thus producing a dark 

15 output 20. The second pixel 16 is partially illuminated 
with a dark line 13 and partially illuminated with a white 
line 18, thus producing a medium (gray) output 22, and the 
third pixel 17 is mostly illuminated with a white line 24, 
thus producing a light output 26. Note that the output from 

20 the pixels produces a different pattern and lower frequency 
than the original image. Anti-aliasing, filters (also known 
as "blur filters") are used to reduce the effects of 
aliasing, at the expense of reduced image sharpness. 
[0011] Conventional blur filters are made of a 

25 birefringent crystal, such as quartz crystal or lithium 
niobate, cut at a particular crystalline orientation 
(typically 45 degrees with respect to the crystal lattice 
orientation) to a specific thickness. Such filters are 
known as double-refraction or "Savart" plates. A double- 

30 refraction plate ("DRP") separates an incoming ray of light 
into an "ordinary ray" and an "extraordinary ray" having 
different polarization states. 

[0012] Fig. IB shows a DRP 40 separating an incoming ray 
of light ("ray") 42 into an ordinary ray 44 and an 
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extraordinary ray 46. The distance "d" between the ordinary 
ray 44 and extraordinary ray 46 depends on the thickness w t" 
of the DRP 40 and the difference between the ordinary and 
extraordinary indices of refraction of the DRP 40. Double 
5 ended arrows 37, 39 indicate that the ordinary ray 44 has a 
different polarization state 37 than the polarization state 
39 of the extraordinary ray 46. A typical thickness for a 
quartz DRP to be used with a 5 mega-pixel photodetector 
array having a pixel pitch of 2.8 microns is about 0.3 mm. 

10 [0013] In color imaging systems, a retarder plate (1/4 
wave plate) and a second DRP are sometimes used to provide 
two-dimensional blurring. A typical thickness for such an 
assembly is about 1.2 mm. Thus, using quartz DRPs results 
in a relatively thick, heavy assembly, which is generally 

15 undesirable and particularly undesirable for compact, 

portable imaging devices such as digital still cameras, 
video cameras, and camphones . Furthermore, quartz DRPs are 
relatively expensive components. 

[0014] Therefore, it is desirable to provide aliasing 
20 filters that avoid the disadvantages of the prior art. 

BRIEF SUMMARY OF THE INVENTION 
[0015] A birefringent polymer coating having a high 
difference between the ordinary and extraordinary indices of 

25 refraction is used in thin, lightweight anti-aliasing 
filters for use in digital imaging systems. In one 
embodiment, anti-aliasing filters are made by disposing a 
liquid photo-polymerization layer on a substrate, such as a 
glass slide, a sheet of infrared-blocking ( xx IR-blocking" ) 

30 color glass, or low a-emitting glass, photo-aligning the 

liquid photo-polymerization layer to a desired orientation, 
and curing. One or more layers of liquid-crystal polymer is 
aligned to the photo-polymerized layer and cured to obtain a 
polymeric DRP. In a further embodiment, a second polymeric 
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DRP is separated from the first DRP by one or more retarder 
plates. In some embodiments, the retarder plate is a 
quarter-wave plate that acts as a depolarizer. In other 
embodiments, the retarder plate is a full-wave plate at a 
5 wavelength (color) , and is not a full -wave plate at other 
colors . 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0017] Fig. 1A is a simplified diagram illustrating 
10 aliasing. 

[0018] Fig. IB is a simplified isometric view of a DRP. 

[0019] Fig. 2A is a simplified cross section of a one- 
dimensional blur filter assembly according to an embodiment 
of the present invention. 
15 [0020] Fig. 2B is a simplified cross section of a two- 
dimensional blur filter assembly according to an embodiment 
of the present invention. 

[0021] Fig. 2C is a simplified cross section of a two- 
dimensional blur filter assembly according to another 
20 embodiment of the present invention. 

[0022] Fig. 3 is a simplified photodetector assembly 
according to an embodiment of the present invention. 

[0023] Fig. 4 is a simplified cross section of a 
photodetector assembly according to another embodiment of 
25 the present invention. 

[0024] Fig. 5 is a simplified cross section of a layered 
DRP according to an embodiment of the invention. 

DETAILED DESCRIPTION OF EMBODIMENTS 
30 1. Introduction 

[0025] The present invention uses liquid photo- 
polymerization ( n LPP" ) material in combination with a 
birefringent polymer, such as a liquid-crystal polymer 
("LCP") material, to form DRPs for use in one-dimensional 
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and two-dimensional blur filters. These layers are referred 
to as LPP/LCP layers. In an embodiment of a two-dimensional 
blur filter, LPP/LCP layers are used as a first DRP, a 
retarder plate, and a second DRP. In some embodiments, a 
5 DRP includes multiple LPP/LCP layers. Suitable LPP and LCP 
materials are available from Rolic Technologies, Ltd., of 
Allschwil , Switzerland . 

[0026] The optical axis of the LPP/LCP layer is selected 
by orienting the LPP portion of the LPP/LCP layer (the LPP 

10 layer is also known as the base layer or linear layer) with 
linearly polarized light. A base layer of LPP material is 
applied to a substrate, such as a glass, low alpha -emit ting 
glass, or color-glass (e.g. infrared absorbing glass) slide, 
typically by spin-coating. The linearly polarized light 

15 orients the LPP according to the direction of polarization, 
and the base layer is developed (i.e. cured under the 
polarized light) , fixing its orientation. An example of an 
LPP is polyvinyl 4-methoxy-cinnamate ("PVMC") . 
[0027] After the base layer is developed, a layer of 

20 birefringent polymer, such as LCP, is applied over the 

developed base layer at a thickness selected to achieve the 
desired optical effect. The LCP is heated to about 
50-55°C, wherein the LCP aligns to the LPP layer, and the 
LCP material is cured to fix the alignment of the LCP to the 

25 cured LPP. 

[0028] The thickness and orientation of an LPP/LCP are 
selected according to the desired optical effect. For 
example, in a DRP, the thickness and orientation are 
selected to provide a selected separation between the 

30 ordinary and extraordinary beams. In a retarder plate, the 
thickness and orientation are selected to provide a selected 
retardation (polarization rotation) at a selected wavelength 
or range of wavelengths. Furthermore, the type of LPP 
material is often selected according to the desired 
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orientation. For example, one LPP material might be used 
for an orientation of the optical axis parallel to the 
surface (i.e. the optical axis is in the plane of the 
LPP/LCP layer) , such as for a retarder plate, and another 
5 LPP material used for orientation at a selected angle from 
the optical axis, such as at a 45 degree angle relative to 
the surface (plane) of the LPP/LCP layer for a DRP . 
[0029] In color imaging systems, the thickness of the 
retarder plate is optionally chosen to provide one amount of 

10 retardation to one color, and another amount of retardation 
to another color. For example, the retarder plate might act 
as a half- or full -wave retarder plate for green light, 
which the human eye primarily uses for acuity, and act as a 
quarter-wave retarder plate for red and/or blue light (which 

15 the human eye uses primarily for chroma) . Thus, in a two- 
dimensional blur filter system, the green light would not be 
blurred as much as the red and/or blue light. Another 
reason to provide different amounts of blurring for 
different colors is that many color photodetector arrays 

20 have more (typically twice as many) green photodetectors as 
red or blue photodetectors, and hence aliasing of green 
light occurs at a higher image frequency. 

[0030] Achromatic depolarization is obtained by providing 
a stack of quarter-wave retardarder plates oriented at 

25 different angles from a polarization orientation of the 

ordinary or extraordinary rays, which are orthogonal to each 
other exiting the DRP. For example, a first LPP/LCP 
quarter-wave plate is oriented at about 4.5 degrees from the 
direction of polarization of the ordinary beam exiting the 

30 DRP, a second LPP/LCP quarter-wave plate is oriented at 
about 15.3 degrees, and a third quarter-wave plate is 
oriented at about 34.0 degrees. Each LPP/LCP quarter-wave 
plate is relatively thin, typically about 0.8 microns to 
about 1.3 microns thick, so stacking several quarter-wave 
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plates does not significantly add to the thickness or weight 
of the anti-aliasing filter assembly. Additional quarter- 
wave LPP/LCP retarder plates are optionally added to a 
quarter-wave retarder plate stack, or a quarter-wave 
5 retarder plate stack has only two LPP/LCP quarter-wave 
retarder plates . 

[0031] In comparison, quarter-wave plates manufactured 
from single-crystal quartz are typically much thicker. 
While the quarter-wave thickness of quartz is typically 

10 about 10 microns to 2 0 microns, quartz plates that thin are 
very difficult to handle in a manufacturing environment. 
Quartz retarder plates are often about 250 microns thick, 
which includes several half- and/or full -wave thicknesses 
plus a quarter-wave thickness. The added thickness makes 

15 the quartz retarder plates easier to handle and less prone 
to breakage during manufacturing. Stacking such retarder 
plates adds significant thickness and cost. 
[0032] Fig. 2A is a simplified cross section of a one- 
dimensional blur filter assembly 50 according to an 

20 embodiment of the present invention. A DRP layer 52 of 
LPP/LCP has sufficient thickness to provide a desired 
separation of ordinary and extraordinary light rays (see 
Fig. IB, ref . nums . 44, 46) is disposed on a substrate 54, 
such as a glass slide. Optional anti-reflective ("AR") 

25 coatings 56, 58 are formed on the surfaces of the one- 
dimensional blur filter assembly 50. In an alternative 
embodiment, the DRP layer 52 is connected to the substrate 
54 with one or more intervening layers (not shown) . The 
intervening layer (s) could be an index-matching layer or a 

30 layer to promote adhesion of the DRP to the substrate, or be 
part of an optical filter structure, such as an IR-blocking 
filter. 

[0033] Using LPP/LCP coatings for a DRP, rather than 
crystalline quartz, allows for a much thinner DRP because 
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the difference between the ordinary and extraordinary 
refractive indices (An) of the LCP material is about ten 
times greater than the An for crystalline quartz. The An 
for single-crystal quartz is about 0.01, while the An for 
5 LCP is about 0.11. Thus, an LPP/LCP DRP achieves the same 
functionality (separation of ordinary and extraordinary 
light rays, i.e. blurring) with 1/I0 th the thickness of 
crystalline quartz. For example, a quartz DRP having a 
thickness of about 0.3 mm is replaced with an LPP/LCP DRP 

10 having a thickness of about 0.03 mm. Also, this results in 
a lighter blur filter assembly because the DRP is thinner. 
[0034] Many machining operations are typically required to 
make single-crystalline quartz DRPs. After growing suitable 
single crystals, which can take months, the crystals are 

15 sorted for optical quality, oriented and sawn on a precise 
axis to obtain blanks. Many quartz crystals show quartz 
lines, which are irregularities in the crystal structure, 
and appear as defects under high- intensity light, and are 
rejected for use as DRPs in many applications. The blanks 

20 are ground down to remove saw marks, planar ize the blanks, 
and obtain a near-final thickness. Then, the blanks are 
polished to the final thickness and attain high-quality 
(scratch free) surfaces. 

[0035] In comparison, the LPP is spun or otherwise coated 
25 onto a substrate and aligned by exposing it to linearly 

polarized light while it cures (dries) . After developing 
the LPP, a layer of LCP is applied and heated to a moderate 
temperature to allow the LCP material to align to the LPP 
base layer, and cured. The thickness of the LCP material is 
30 limited in some applications by the application process, the 
precision of the resultant thickness that is required, and 
drying considerations. If a thicker layer is required, such 
as for a DRP, then multiple LCP layers are used to create 
the DRP. Each LCP layer is oriented and cured before 
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applying the overlying LCP layer, the upper LCP layer 
aligning to the underlying LCP layer. For example, if LCP 
liquid is spun onto a cured LPP layer at a thickness of 
about 30 microns, applying and curing ten layers of LCP 
5 material would result in a DRP 0.03 mm thick. In an 

alternative embodiment, a second layer of LPP material is 
coated over cured LCP material, oriented, and cured, and 
another layer of LCP material is coated, aligned to the 
second layer of LPP material, and cured. 

10 [0036] The desired thickness of the DRP depends on many 

factors, and generally ranges from about 10 microns to about 
150 microns for use with photodetector arrays having a 
relatively small pixel pitch. For example, a camphone might 
have fairly small lenses and a small photodetector array 

15 having 2. 5 -micron pixel pitch. Such a device does not 
require as much separation between the ordinary and 
extraordinary rays as a device using a photodetector array 
having a greater pixel pitch, and a relatively thin (e.g. 
30-micron) DRP may be used. In contrast, a high-end still 

20 camera might use a larger photodetector array with a greater 
pixel pitch (e.g. about 9 microns) , and a thicker DRP (e.g. 
about 120 microns) might be desired to obtain greater 
separation between the ordinary and extraordinary rays. 
[0037] The optional AR layers are thin-film dielectric 

25 stacks or, alternatively, single-layer AR coatings, such as 
a sol -gel coating. The processing temperature for forming 
and/or curing an AR coating over an LPP/LCP layer is 
generally kept below 200 °C. In a particular embodiment, 
the AR coating 56 on the substrate 54 is a vacuum- deposited 

30 thin-film dielectric stack and the AR coating 58 on the DRP 
layer 52 is omitted or is a single-layer coating. While 
forming a thin-film dielectric stack on the DRP layer 52 is 
possible, the thermal expansion coefficient of a polymer 
material is often much greater than that of the thermal 

10 
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expansion coefficient of dielectric materials used in thin- 
film AR coatings, and the AR coating might craze (crack) if 
subjected to excessive temperature cycling. This potential 
problem is avoided by laminating a second glass substrate 
5 with an AR coating to the DRP layer 52 so that the AR 
coating is at the air interface (see Fig. 2C) . 
[0038] Fig. 2B is a simplified cross section of a two- 
dimensional blur filter assembly 60 according to an 
embodiment of the present invention. The blur filter 

10 assembly includes the substrate 54 and optional AR layers 
56, 58. A second DRP layer 62 is separated from the first 
DRP layer 52 by an intervening retarder plate 64. The 
retarder plate 64 is also an LPP/LCP layer, but with a 
different orientation of the LPP/LCP and a different 

15 thickness. Generally, the orientation of the optical axis 
of the LPP/LCP layer in the retarder plate 64 is in plane 
(i.e. parallel to the surface of the LPP/LCP layer), and 
orientation of the optical axis of the LPP/LCP layer (s) 
forming the DRPs are tilted from the plane (surface) of the 

20 LPP/LCP layer, typically by forty-five degrees. Typically, 
the orientation of the optical axes of two DRPs are rotated 
relative to each other by ninety degrees. 

[0039] The thickness and orientation of the optical axes 
of the DRPS are chosen according to the two-dimensional blur 

25 pattern desired. If the retarder plate is a quarter-wave 
plate, both the linearly polarized ordinary and 
extraordinary rays from the first DRP 52 will be converted 
to circularly polarized light, which the second DRP 62 will 
split into four rays, two ordinary rays, and two 

30 extraordinary rays. A quarter-wave retarder plate is also 
known as a "depolarizer." The pattern of the four rays 
exiting the second DRP 62 depends on the orientation of the 
LPP/LCP layers of both DRPs 52, 62 and the distance between 
the rays depends on the thicknesses of the DRPs. Selection 
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of the proper orientations of the DRPs can produce four rays 
lying along a line, aligned with a row or column of a 
photodetector array, or at an angle across rows or columns, 
or in a u four-spot" pattern (as on gaming dice) or other 
5 pattern. 

[0040] Furthermore, the thickness of the retarder plate 
can be chosen to generate different amounts of blurring for 
different colors. For example, a full-wave retarder plate 
does not change the polarization state of a light ray. Only 

10 two rays would exit the second DRP 62 for each light ray 

from a full -wave retarder plate. However, the thickness of 
the retarder plate is chosen in some embodiments to provide 
full-wave retardation of one color {e.g. green) and 
essentially quarter-wave retardation of another color (s) 

15 (e.g. red and/or blue) . Thus more blurring occurs for one 
color (i.e. red and/or blue) than for another (i.e. green). 
[0041] Fig. 2C is a simplified cross section of a two- 
dimensional blur filter assembly 60' according to another 
embodiment of the present invention. The AR layer 56, 

20 substrate 54, first DRP 52, retarder plate (depolarizer) 64, 
and second DRP 62 are described above in reference to Fig. 
2B. The second AR layer 58' is deposited on another glass 
substrate 59 and attached to the LPP/LCP blur filter (i.e. 
the second DRP 62) with optical adhesive 61. In a 

25 particular embodiment, the optical adhesive 61 has an index 
of refraction between that of the LCP material and the 
substrate 59, thus providing improved index matching. 
[0042] Fig. 3 is a simplified photodetector assembly 70 
according to an embodiment of the present invention. A lid 

30 72 seals a photodetector array 74 inside a package 76. The 
photodetector array is a color photodetector array, or 
alternatively a black-and-white photodetector array. The 
lid 72 includes a glass substrate (cover glass) 77 with 
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optional antiref lective ("AR") coatings 79, 81 on both sides 
of the cover glass 77. 

[0043] A filter 82 includes an optional IR-blocking 
filter 84 on a glass substrate 86. In an alternative 
5 embodiment, the IR-blocking filter, which may be a thin-film 
dielectric or thin film metal-dielectric IR-blocking filter, 
for example, is omitted. In an alternative embodiment, the 
glass substrate is made of IR-blocking glass, commonly known 
as "color glass, " with or without additional IR-blocking 

10 means (e.g. thin-film filters) . An optional AR coating is 
provided over the IR-blocking filter 84, which is 
particularly desirable if color glass is used. 
[0044] An LPP/LCP blur filter 88 is formed on the 
opposite side of the glass substrate 86, and an AR coating 

15 90 is formed over the blur filter 88, or alternatively, 

another glass substrate (not shown) with an AR coating is 
attached to the LPP/LCP blur filter 88. In a further 
embodiment, index-matching layers are included between the 
second glass substrate and the LPP/LCP blur filter. The 

20 LPP/LCP blur filter is a one -dimensional blur filter (one 
DRP) or alternatively a two-dimensional blur filter (two 
DRPs) . In a further embodiment, the cover glass 77, which 
is closest to the photodetector array relative to the 
substrate 86, is made of a low a-particle emission glass, 

25 which is particularly desirable when using charge -coupled 
diode ("CCD") photodetectors . 

[0045] Fig. 4 is a simplified cross section of a 
photodetector assembly 100 according to another embodiment 
of the present invention. A lid 102 seals the photodetector 
30 array 74 in the package 76. The lid 102 includes an 

optional IR-blocking filter 84' on a glass substrate 86' . An 
LPP/LCP blur filter 88' and AR coating 79' are formed on the 
side of the glass substrate 86' opposite the IR-blocking 
filter 84' . This embodiment is desirable because of the 
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short optical path provided by the photodetector assembly. 
Alternatively, the blur filter is on the top of the glass 
substrate 86' and the IR-blocking filter is on the bottom 
(i.e. on the side closest to the photodetector array 74) (not 
5 shown) . 

[0046] Various techniques have been developed for 
applying liquid polymer solutions, such as photo-resist, to 
substrates, such as by spin-coating, dipping, and spraying. 
Such techniques are well known in the art of 

10 photolithography. However, photolithographic applications 
often need only relatively thin layers of polymer solutions. 
While photolithography techniques, such as spin-coating, are 
suitable for applying the relatively thin layer (s) of LPP, 
thicker layers of LCP are often desirable for forming 

15 optical birefringent layers for use in anti-aliasing 
filters . 

[0047] One approach to providing thicker LCP layers is to 
use a more viscous LCP solution and/or to spin coat at a 
lower speed. However, the precision of obtaining the 

20 desired thickness may degrade, making such LPP/LCP layers 
unsuitable in some embodiments. Another approach has been 
developed that applies multiple LCP layers, orienting each 
LCP layer to the underlying LPP or LCP layer, as the 
birefringent structure is built up. 

25 [0048] Fig. 5 is a simplified cross section of a layered 
blur filter 110 according to an embodiment of the invention. 
A first LPP layer 112 is spun or otherwise deposited onto a 
substrate 114, such as a glass slide. The first LPP layer 
112 is selectively photo-oriented and developed. A first 

30 LCP layer 116 is formed over the first LPP layer 112, 

oriented to the first LPP layer 112, and developed. The 
first LPP layer 112 and first LCP layer 116 form a first 
LPP/LCP layer 118. 
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[0049] Then, a second LCP layer 122 is formed over the 
first LCP layer 116, oriented to the first LCP layer 116, 
and developed, forming a multi-LCP-layer structure 118' . In 
this way, the thickness of the birefringent polymer material 
5 is built up. 

[0050] The invention has been described above in 
reference to specific embodiments. Alterations, 
modifications, and improvements may occur to those skilled 
in the art. Such alterations, modifications, and 
10 improvements are intended to be within the spirit and scope 
of the invention. Accordingly, the foregoing description is 
by way of example only, and is not intended as limiting. 
The invention is limited only by the following claims and 
equivalents thereto . 
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